Deposition of callose to the cell wall is characteristic of many developmental processes and also occurs during cell or tissue repair mechanism. For example, pollen maturation, sieve pore formation and sealing, pollen tube growth and rejection, gravitropism, virus localization, and the formation of papillae at the site ofattempted penetration by fungi are some relevant processes (2, 5, 8, 13) . The major and most characteristic component of callose is 1,3-fl-glucan, which can easily be detected cytochemically and also determined quantitatively by its fluorescence with aniline blue (13). Our recent attempts to understand the regulation of callose formation have therefore concerned studies of the biosynthesis of 1,3-,B-glucan.
even higher activation is observed (8, 10) . Significant stimulation of the enzyme was observed at Ca2" concentrations as low as 0. 5 AM, and saturation occurred between 50 to 100 FM Ca2+ (9) .
More recently we have demonstrated another way in which the 1,3-fl-glucan synthase might be regulated (10) . In the absence of any Ca2+ the enzyme can also be activated by basic polyamino acids (poly-L-Orn and poly-L-Lys) and by Ruthenium Red. Inhibition studies with La`suggested that these activators bind to a site different from the Ca'+-binding site. In the presence of these activators the enzyme does no longer inhibit sigmoidal substrate saturation curves and shows an affinity towards UDPglucose which is higher than upon activation by Ca2+. The possible physiological relevance of these observations is that spermine, when present alone, causes relatively little activation but shows a striking potency to do so together with Ca2+. At low Ca2+ and substrate concentrations the effects are more than additive, indicating a cooperative mode of action of the two activators (10) . Spermine and spermidine render the 1,3-,3-glucan synthase more sensitive to activation by Ca2+, and in the presence of Ca2+ even 4 ,AM spermine causes significant activation of the enzyme (H Kauss, W Jeblick, unpublished data).
Whereas the significance of polyamines for the regulation of callose biosyinthesis in vivo remains to be established, we have been able to demonstrate that Ca2+ ions play an important role. In suspension-cultured cells, callose synthesis can be induced by addition of chitosan and this requires the presence of external Ca2+ (13) . It has been suggested that the polycation causes a perturbation of the plasma membrane which results in an outward-directed general electrolyte leakage and a concomitant Ca2+ leakage into the cells. The resulting local increase in Ca2+ concentration was regarded as a major parameter responsible for the init)Ation of callose synthesis since it could directly activate the 1,3-,B-glucan synthase at the site where the membrane perturbation had occurred (13) . In this report we provide some evidence to indicate an involvement of phospholipids and related substances as a third means to regulate the 1,3-f3-glucan synthase. Based on inhibitor studies we have suggested before (9) that the activation by Ca2 of the 1,3-fl-glucan synthase is not mediated by calmodulin and that its activity may depend on endogenous membrane phospholipids. This assumption is sustained by the results reported now, namely that the activity of the stances all of which appear to have a similar mode of action. In addition, some of the compounds which are water soluble to some extent also influence callose synthesis in suspension-cultured soybean cells.
MATERIALS AND METHODS
The growth of suspension-cultured cells of Glycine max cv Harosoy 63, their suspension in buffer, and the induction of callose synthesis by chitosan have been described (12, 13) . Callose was extracted from the cells by heating with 1 N NaOH and quantitatively determined in a spectrofluorometer (13) A washed microsomal fraction, prepared from 2 g of cells without the addition of soybean trypsin inhibitor, was routinely suspended in 10 ml of buffer (13) . The suspension contained between 0.35 and 0.4 mg protein/ml, determined (15) For preparation of trypsinized microsomes (9) the membrane material from 2 g of cells was initially suspended in only 8 ml of buffer and an aliquot of 1.7 ml was incubated with 100 Ml of 0.4% (w/v) digitonin and 100 Ml trypsin (50 ag). After 1 min at 25°C, 100 Ml of soybean trypsin inhibitor (100 Mg) were added. Native microsomes assayed in parallel were diluted with water to the same extent.
EB, AC, and dibucaine were dissolved in water; fatty acids, PC, LPC, and PAF were added to the enzyme assays as well as to the cell suspensions in ethanol to give a 1% (v/v) final concentration of the solvent; controls were performed in this case in the presence of 1% ethanol.
Most of the materials used have been described before (13) . Fatty acids, AC, LPC from soybean (type IV), synthetic LPC and PC (type III-S) were purchased from Sigma, and PAF from Bachem (Bubendorf, Switzerland). EB was a generous gift from Sandoz AG (Basel, Switzerland). Palmitoyl-DL-carnitine was used as AC for all the experiments reported.
RESULTS
Influence on 1,3-*8Glucan Synthase Activity.. The first aim of the present investigation was to test for an influence of various amphipathic compounds on enzyme activity in order to study indirectly the possibility of a phospholipid requirement. We previously described that addition of digitonin to the enzyme assay mixture greatly increased the activity of 1,3-#-D-glucan synthase in a microsomal preparation from soybean cells (9) . The activation effect is saturated at about 0.005% (w/v) and the activity remains almost at the same level up to about 0.05%. In this report we routinely used 0.02% digitonin (160 AM). At this concentration, addition of increasing amounts of oleic acid results in the total inhibition of the 1,3-,B-glucan synthase, whereas the corresponding saturated stearic acid is essentially without effect (Fig. 1) . Similar results were obtained when the effects of the saturated palmitic, stearic, and arachic acids were compared to unsaturated fatty acids of the same chain length (Table I) . A similar degree of inhibition by unsaturated fatty acids was also found for the enzyme activity observed without digitonin (about 10-20% of that in the presence of digitonin, results not shown; compare [8] ). The effectiveness of the fatty acids in inhibiting the enzyme activity increases up to three double bonds. With C20 fatty acids a higher degree of unsaturation then leads to a decrease in inhibition; low amounts of eicosapentaenoic acid were even stimulatory for native microsomes. Nevertheless, the latter substance is also inhibitory at higher amounts (Table I fully inhibits the 1,3-#-glucan synthase, only about halfinhibition by the respective alcohol was observed and no inhibition at all was induced by the methyl-or glycerol-esters of oleic acid (Table  II) .
It should be mentioned that the lipophilic substances added to the membrane preparations in the enzyme assay are given throughout this report only slight, in others up to 1.2-fold (Fig. 2) . Similarly, a slight activation with EB at 0.5 nmol/50 ul enzyme was also occasionally observed (results not shown, effect not evident in the experiment described in Fig. 5 ). Relative concentrations of the amphipathic compounds exceeding a certain limit were inhibitory. The most effective inhibitors included LPC (Fig. 2) , AC (Fig. 4) , and EB (Fig. 5) , whereas PAF even applied in high concentrations could not completely inhibit the activity (Fig. 3) . PC (Fig. 2) and phosphatidylserine (data not shown) had no significant influence on 1,3--glucan synthase activity.
When the enzyme assay was performed in the absence of digitonin, increasing amounts of LPC (Fig. 2) , PAF (Fig. 3) was performed, for instance with 10 nmol/50 ,l enzyme, sometimes the effect was apparently missed. This can be understood if one assumes that the content of membrane material in the microsomal suspension may vary to some extent from experiment to experiment, leading to a variable binding ofthe lipophilic compounds. In contrast, the activation seen in the absence of digitonin with PAF ( Fig. 3) and EB (Fig. 5 ) occurs in a far broader concentration range and was, therefore, more easily reproduced ad hoc. The decrease in activation with higher amounts of the amphipathic compounds observed without digitonin parallels for LPC (Fig. 2) , PAF (Fig. 3) , and AC (Fig. 4) that seen with digitonin. This is rnot the case for EB (Fig. 5) ,' which shows full inhibition with digitonin at amounts which are still stimulatory without digitonin.
Inhibition was similarly observed when the microsomal 1,3-#-glucan synthase was activated by Ca2" or by trypsinization ( Figs. 4 and 5; Tables I-III); in the latter case the enzyme generally appears to be slightly more sensitive for the inhibitors.
The relative effectiveness of the various amphipathic substances was compared using the same enzyme preparation (Table  III) . In the presence of digitonin the acyl part (compare various LPC) as well as other parts ofthe molecule (compare LPC-, PAFand EB-stearoyl) appear to be to some extent involved in determining the inhibitory potency.
The results reported for AC were obtained using palmitoyl- Figure 4 we also studied the influence of dibucaine. where the membrane appears to be undamaged, as seen when oleic or stearic acid is added in the absence of chitosan (Table  V) . (9) or by the fluorometric callose assay with aniline blue (13) . All the other conditions were as in Figure 2 .
[ several investigators (7) and is regarded to be due to the opening of membrane vesicles to substrates. The degree of activation by digitonin in our experiments (Figs. 2-5; Table III ) was rather high, ranging from 7-to 15-fold. This would mean that a great part of the vesicles are impermeable to the substrate. Assay conditions for the experiments reported here were those for 1,3-j3-glucan synthase II, an enzyme regarded to be a plasma-membrane marker (19) . As the substrate UDP-glucose in living cells appears to come from the cytoplasmic side and the product is externally deposited onto the wall, it has been suggested that the enzyme may be vectorially arranged and becomes active once Ca2" influx into the cytoplasm is enforced by membrane perturbation (8, 13) . This suggests that the Ca2"-sensitive site is also located at the cytoplasmic side and that the vesicles which are inactive without digitonin may be outside-out vesicles. Some of our observations, however, suggest that in addition to merely rendering the vesicles permeable, digitonin and the amphipathic substances may also directly interact with the 1,3-(l-glucan synthase and possibly activate it. At certain concentrations eicosapentaenoic acid (Table I) , PAF (Fig. 3) , and AC (Fig.   4) considerably activated the 1,3-f3-glucan synthase over the extent given by saturating concentrations of digitonin alone. Similar results were found with LPC ( Fig. 2) and sometimes with EB (data not shown), although with these latter two substances the results were less consistent and pronounced. Nevertheless, the activity found in the presence of saturating concentrations of digitonin can clearly additionally be enhanced. It appears possible that the stimulatory effect of digitonin may mimic to some extent the action of endogenous amphipathic substances involved in the regulation of callose synthesis. Such compounds could be formed during mechanically or pathogen-induced membrane damage. They could possibly also accumulate during cell homogenization necessary for microsome preparation and vary in amount with the plant material used. This and the variable degree of leakiness to substrates and Ca2", as well as varying proportions of wrong-sided vesicles, would explain why in some reports (e.g. 7) the activity found without digitonin is high relative to the activity attained maximally with digitonin, whereas it is rather low in the present report. Possible candidates for such endogenous stimulators are LPC and polyunsaturated free fatty acids which might result from the action of phospholipases (6) after membrane damage. Whether such a change in the lipid composition also occurs in cells under conditions leading to callose synthesis has to be shown by further studies.
In addition to stimulation, all the above amphipathic agents can, at higher amounts, also cause full inhibition of the soybean 1,3-f-glucan synthase. A similar inhibition is observed when the enzyme was activated by Ca2" or by trypsinization (Figs. 4 and  5 ; Tables 1-III), indicating that inhibition is not caused by an interference with the Ca2" required for activation but may be related to another more general property. A common feature of the inhibitors is that they consist of an acyl side chain and a polar head of quite different structure. In the simplest case of unsaturated fatty acids this is represented by a carboxyl group; in LPC, PAF, and AC it is a more elaborate structure exhibiting negative and positive charges contributed by phosphate or carboxyl and trimethylamine groups, respectively. The physiological function of AC is the transfer of fatty acids through the inner mitochondrial membranes, which probably involves a translocating protein (24) . EB is a cyclic hexapeptide antibiotic with a stearic acid side chain, derived from various species ofAspergillus (1 1). It is reported to inhibit the 1 ,3-f3-glucan synthase from the yeast Candida albicans, an organism to which EB is highly toxic (21) . Unsaturated free fatty acids are able to replace phospholipids and thus to activate certain purified membrane enzymes (20) .
Inhibition of 1,3-fl-glucan synthase by arachidonic and eicosapentaenoic acid has also been reported; their formation by lipolytic enzymes may be involved in the apparent natural instability of the enzyme and its stabilization by lipids in a membrane preparation from potato tubers (7) . LPC is known to act as a natural detergent and was also suggested to inhibit or stimulate certain membrane enzymes by displacement of phospholipids (22) . In our experiments, PAF gave effects very similar to LPC, and the amounts necessary were also similar ( Figs. 2 and 3 ; Table   III ). The induction of physiological effects of exogenous PAF in animal cells, such as aggregation and lipid turnover in platelets, appears to require far lower doses (17) . As long as specific and comparable phenomena are not known to be caused by PAF in plant cells, we regard it in the context of this report as a LPCanalog exhibiting an ether-linked acyl moiety and an acetylated hydroxyl group at C2. It is known that the nature of the chemical bond (ether or ester) at C, and acetylation at C2 in LPC analogs is of little influence on their lytic activity (22) . Palmitoyl-DLcarnitine, which was used as AC in all the experiments, has also been reported to inhibit the phospholipid-sensitive Ca2+-dependent protein kinase (23) . Many membrane enzymes appear to have a preference but no absolute requirement for certain phospholipids (20) . We suggest, therefore, that the inhibitory effect of the various substances used is due to a displacement of boundary lipids, indicating that the 1,3-,B-glucan synthase requires endogenous lipids for its activity.
In clarification of the process of localized callose deposition.
Exogenous free fatty acids greatly decrease chitosan-induced callose synthesis (Table V) . Stearic and oleic acid act to a similar extent; the inhibition can therefore not be due to a direct inhibition of the 1,3-,B-glucan synthase, as the enzyme is only inhibited by unsaturated free fatty acids ( Fig. 1; Table I ). As both compounds also fully inhibit the induction ofelectrolyte leakage, their action most likely may be due to stabilizing the membrane against the lytic effect of chitosan. Alternatively, the fatty acids could also bind to chitosan and thereby render this polycation inactive. If, however, only such a charge interaction would be responsible, one could hardly understand why polyunsaturated fatty acids, given at the same concentration, still cause effects on cell integrity, which are only slightly less drastic than in the absence of chitosan (Table V) . With such a massive lysis of the cells by the polyunsaturated fatty acids, callose synthesis is no longer possible probably due to a shortage of substrates and even enzymes of the general cytoplasmic carbohydrate metabolism is likely. The lytic effect of exogenous polyunsaturated fatty acids obviously obscures their possible direct inhibitory effect on callose synthesis which was concluded from the in vitro studies ( Fig.  1 ; Table I ). Nevertheless, the results appear to be of interest for a future explanation, at the cellular level, of the finding that arachidonic and eicosapentaenoic acid applied alone or together with oligosaccharides from Phythophtora infestans elicit synthesis of sesquiterpenoid stress metabolites ('phytoalexins') and a hypersensitive browning in potato tuber tissue (16, 18) .
